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Figure 2. Ethylene production by White Sim styles at various times
after pollination with pollen from Starlight or 87-29G flowers. The
values are means * st of 10 flowers.

carnation (Starlight and 87-29G) maintained in our collec-
tion at Purdue University that produced sufficient pollen to
serve as male parents in crosses with White Sim. Pollina-
tion with Starlight pollen elicited a typical response in
White Sim flowers and led to the induction of petal senes-
cence, as indicated by inrolling of petals 2 d after pollina-
tion (Fig. 1). In contrast, pollination with 87-29G pollen
failed to elicit this response (Fig. 1), and flowers exhibited
a vase-life similar to that of unpollinated flowers (data not
shown).

Pollination-Induced Ethylene Production

An early response of carnation flowers to pollination is
the induction of ethylene biosynthesis by styles (Nichols et
al., 1984; Woodson et al., 1992). We examined the produc-
tion of ethylene by White Sim styles at early time intervals
after pollination with Starlight or 87-29G pollen. Styles of
flowers pollinated with either Starlight or 87-29G pro-
duced elevated ethylene as early as 30 min after pollination
(Fig. 2). This increased rate of ethylene production de-
creased 1 h after pollination, but subsequently increased
dramatically only in styles of flowers pollinated with Star-
light pollen. Subsequent analysis of ethylene production by
both styles and petals over extended time intervals after
pollination revealed that only Starlight pollen elicited a
sustained increase in ethylene production (Fig. 3). Taken
together with the early time point data presented in Figure
2, ethylene production by carnation styles after pollination
with Starlight pollen is defined by three distinct peaks. The
first peak (15-20 nL g™ h™") occurs within the first 2 h
after pollination. The second peak (150-200 nL g~ h™") of
ethylene production occurs approximately 12 h after polli-
nation, and the third peak (300-350 nL g~' h™") is sus-
tained for at least 24 h, during which time the styles show
visible signs of deterioration. Increased ethylene produc-
tion by petals after pollination with Starlight pollen was
apparent beginning 24 h after pollination and increased
through 48 h (Fig. 3), at which time visible symptoms of
senescence were apparent (Fig. 1). These results suggest
that the early increase in ethylene production exhibited by

styles pollinated with 87-29G pollen is not sufficient to
sustain increased ethylene production by the style or to
elicit a response of increased ethylene production by the
petals.

Pollen ACC Content

We examined the ACC content of Starlight and 87-29G
pollen in an attempt to determine if differences could ac-
count for the lower level of ethylene produced by 87-29G-
pollinated styles. Starlight pollen contained 4.03 + 0.18
nmol g~' ACC and 87-29G pollen contained 3.01 *+ 0.53
nmol g~ ACC. Although somewhat lower in 87-29G, these
differences in ACC content do not appear sufficient to
account for the differences in ethylene production by pol-
linated styles.

Pollen Germination and Tube Growth

To begin to characterize the pollen-pistil interactions
responsible for pollination-induced ethylene, we examined
the germination of Starlight and 87-29G pollen on White
Sim stigmas by scanning EM. D. caryophyllus flowers are
characterized by having two to four separate styles with a
long adaxial stigmatic surface. The receptive stigmatic sur-
face of each style has many elongated unicellular papillae
concentrated in distinct ridges along the entire length of
the style (Fig. 4, A and B). This is a dry-type stigma, with
no visible exudate (Heslop-Harrison and Shivanna, 1977).
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Figure 3. Ethylene production by White Sim styles and petals at
various times after pollination, with pollen from Starlight or 87-29G
flowers. The values are means * st of 10 flowers.
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Figure 5. Pollen tube growth through White Sim styles at various
times after pollination with pollen from Starlight or 87-29G flowers.
Pollinated styles were fixed and stained with aniline blue, and pollen
tubes were visualized by fluorescent microscopy. The values are
means =* st of five individual observations.

ous differences in pollen tube morphology, including the
deposition of callose plugs along the length of the tubes,
were noted (Fig. 6). Taken together, these data suggest that
differences in pollination-induced ethylene production be-
tween styles pollinated with Starlight or 87-29G pollen are
not the result of a failure of 87-29G pollen to germinate and
grow through White Sim styles.

Sexual Compatibility

In a separate experiment, we examined the sexual com-
patibility of these crosses on plants maintained in the
greenhouse. Ovaries from White Sim flowers pollinated
with either Starlight or 87-29G pollen were harvested 30 d
after pollination and their seed number was assessed (Ta-
ble I). Starlight pollen was sexually compatible with White
Sim pistils, as indicated by the production of seed. This
seed was viable, exhibiting greater than 90% germination.
In contrast, pollination of White Sim with 87-29G did not
lead to the production of any seed. When 87-29G was used
as the male parent in a cross with another selection (87—
37G), viable seeds were produced (Table I). In addition,
pollination of 87-37G plants with 87-29G pollen led to the
induction of premature petal senescence, and this was
associated with a substantial increase in stylar ethylene
production (Fig. 7).

DISCUSSION

In this study we showed that pollen from Starlight flow-
ers was capable of stimulating a rapid and sustained in-
crease in stylar ethylene production, which in turn led to
increased production of ethylene by petals, inducing senes-
cence. These results are consistent with previous reports
that pollination of carnation stigmas leads to increased
stylar ethylene production (Nichols et al., 1983; Woodson
et al., 1992). In dramatic contrast, pollen from 87-29G
flowers elicited a rapid increase in stylar ethylene produc-
tion, but this was not sustained and failed to lead to pre-
mature petal senescence. We exploited the differences in

responses to pollination between these two clonally prop-
agated carnation genotypes to study the pollen-pistil inter-
actions that result in increased ethylene production and
premature petal senescence in pollinated carnation flowers.
The nature of the pollen-pistil interaction that results in
increased ethylene production has been investigated in
several species. In orchids, auxin contained within the
pollinia is thought to play a role in the early stimulation of
ethylene production by pistils (Arditti, 1979; Zhang and
O'Neill, 1993). Although we cannot rule out differences in
auxin levels between Starlight and 87-29G pollen, others
have shown that application of auxin to carnation stigmas
does not elicit an increase in ethylene (Reid et al., 1984). In
petunia flowers, pollen has been shown to contain as much
as 1500 nmol ACC g~'! (Whitehead et al., 1983a; Hoekstra
and Weges, 1986; Singh et al., 1992). The diffusion of this
polien-held ACC onto the stigma surface could account for
a portion of the ethylene released after pollination. In car-
nation, the amount of pollen-held ACC is insufficient (<10
nmol g ') to account for the initial amounts of ethylene
produced. For example, assuming pollination with 0.1 mg
of pollen and a pollen ACC content of 10 nmol g~ !, this
would give rise to only 0.022 nL of ethylene. Pollinated
styles generally produce 1 to 2 nL of ethylene within the
first 2 h of pollination. Also, differences in ACC content
between Starlight and 87-29G pollen were not sufficient to
account for the differences in postpollination ethylene pro-
duction. A role for pollen-held ACC is further questioned
by the finding that aminoethoxyvinylglycine, an inhibitor
of ACC synthase, completely blocks pollination-induced
ethylene in both petunia styles (Hoekstra and Weges, 1986)
and carnation styles (Woltering et al., 1993). Furthermore,
pollination is associated with a rapid induction of ACC
synthase activity in the styles of petunia and carnation
(Pech et al., 1987; Woodson et al., 1992). Taken together,
these results clearly point to a role for pollen-induced ACC
synthase in regulating the increased ethylene production.

Pollination of flowers with foreign (Whitehead et al,,
1983b; Hoekstra and Weges 1986), y-irradiated (Hoekstra
and Weges, 1986), or self-incompatible pollen (Singh et al.,
1992) has been shown to elicit an increase in ethylene
production by pistil tissue. However, as with the early
increase in ethylene exhibited by styles pollinated with
87-29G pollen reported here, these flowers fail to maintain
this increased ethylene production over time. These results
led others to conclude that the initial increase in ethylene
production likely reflects a nonspecific pollen-pistil inter-
action, whereas sustained ethylene production requires the
germination and growth of pollen tubes (Whitehead et al.,
1983b; Hoekstra and Weges, 1986; Singh et al., 1992). For
example, the growing pollen tubes could serve to mechan-
ically wound the stylar tissue and lead to increased ethyl-
ene through a mechanism similar to production of wound-
induced ethylene in other tissues (Hoekstra and Weges,
1986). Consistent with this, mechanical wounding of the
stigmatic surface of petunia gives rise to increased ethylene
in a manner similar to that produced by pollination (Gilis-
sen and Hoekstra, 1984; Lovell et al., 1987). In contrast, we
have not detected increased ethylene production by
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Table 1. Seed number in carnation ovaries after pollination

Female Parent X Male Parent Seed Number?

White Sim X Starlight 18.6 £ 2.2
White Sim X 87-29G 0
87-37G X 87-29G 15.8 = 3.6

2 Data are the result of 10 individual crosses = sk.

wounded carnation styles (Woodson et al., 1992), indicat-
ing that this may not be a universal response.

Recently, Singh et al. (1992) exploited the self-incompat-
ible response of Petunia inflata to investigate pollination-
induced ethylene. In this study, incompatible pollen elic-
ited an early increase in ethylene, but this was not
associated with a subsequent increase in ethylene produc-
tion or petal senescence as it was in the compatible polli-
nations. They concluded that this differential response was
likely due to differences in pollen tube growth between the
two pollinations. Self-incompatible pollen tubes, in this
case, cease growth approximately one-third down the
length of the style. In an attempt to relate increased ethyl-
ene production to pollen germination and tube growth, we
examined pollinated styles by scanning EM and found that
the early increase in ethylene exhibited by both Starlight-
and 87-29G-pollinated styles precedes the germination and
growth of pollen tubes. Furthermore, we showed that the
subsequent increase in ethylene between 6 and 18 h after
pollination with Starlight was associated with the growth
of pollen tubes through the stylar transmitting tract. Most
surprising was the finding that the germination, growth,
and morphology of 87-29G pollen tubes through the length
of the White Sim style was not significantly different than
those of the Starlight pollen, and therefore the lack of
substantial ethylene cannot be attributed to limited pollen
tube growth. This finding leads us to conclude that, in
carnation, the physical growth of pollen tubes through the
style is not sufficient to elicit a sustained increase in ethyl-
ene production or to lead to premature petal senescence.

The question raised by our results relates to the mecha-
nism by which pollination leads to the sustained increase
in ethylene production by styles and subsequent ethylene
production by petals. Relative to this question is our find-
ing that pollination of White Sim flowers with 87-29G
pollen failed to elicit sustained ethylene production or lead
to petal senescence, and this was associated with a failure
to set seed. Therefore, 87-29G pollen is sexually incompat-
ible with White Sim and leads to a similar response ob-
served in incompatible crosses of P. inflata (Singh et al,,
1992). Dianthus flowers are protandrous and typically out-
cross as a result of the temporal separation of anther de-
hiscence and pistil receptivity. To our knowledge a self-
incompatible response has not been described for any
members of the Dianthus genus. The incompatibility exhib-
ited between White Sim and pollen from 87-29G is clearly
not the result of a cessation of pollen tube growth, as it is
in plants exhibiting both sporophytic and gametophytic
incompatibility. Rather, the failure to set seed in this sexual
cross likely results from a late-acting incompatible re-
sponse. Late-acting incompatible responses have been de-

scribed from a number of angiosperms (Seavey and Bawa,
1986) and are typically associated with ovular rejection of
the male nuclei or early abortion of the zygote, In these
cases pollen tubes grow normally through the styles but
fail to set seed. In a cross with another carnation genotype,
87-29G pollen led to successful fertilization, suggesting a
genetic component to this response. We have not been able
to determine the parentage of 87-29G, as records are not
available from the breeder. It will be interesting in future
experiments to investigate the nature of this incompatible
response in more detail.

The cross between 87-37G (female) and 87-29G (male)
was associated with a dramatic and sustained increase in
ethylene production by the styles and led to premature
petal senescence. This result indicates that pollen factors
necessary to elicit increased ethylene and petal senescence
are not missing from 87-29G pollen, but rather it is the
interaction between the pollen and pistil that is important
in the regulation of this response. The nature of these
interactions remains unclear; however, they are not likely
to involve fertilization, since the increased ethylene pro-
duction by both styles and petals precedes the arrival of the
pollen tubes at the ovules. This observation has led others
to propose that pollination is associated with the produc-
tion of a transmissible substance in the style that moves
down the pistil and into the petals, triggering a wave of
ethylene production through these organs, leading ulti-
mately to petal senescence (Nichols et al., 1983; Gilissen
and Hoekstra, 1984; Hoekstra and Weges, 1986).

Our data suggest that the production of any ethylene-
inducing transmissible signal is dependent on reactions
associated with the perception of a compatible pollination.
Linskens (1974) has previously reported that petunia ova-
ries exhibit increased sink strength within the first 24 h
after a compatible pollination, which precedes the arrival
of the pollen tubes. He further showed that this change in
sink strength did not occur in incompatible crosses. In a
search for the transmissible signal responsible for changes
in ovary development after pollination, Linskens and
Spanjers (1973) reported a change in voltage specifically in
response to compatible pollination, suggesting that propa-
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Figure 7. Ethylene production by 87-37G styles after pollination
with pollen from 87-29G flowers. The values are means of 10 + st
flowers.
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gation of electrical signals may be involved in signaling a
compatible pollination. Similar changes in electrical poten-
tial have been observed in pistils, specifically after compat-
ible pollination in Lilium (Spanjers, 1981). Although the
nature of the ethylene-inducible transmissible factor re-
mains unclear, our data clearly show that pollen tube
growth alone is insufficient to elicit the production of this
signal.
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